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The IGJPC = 0+1−+ Tetraquark State
Hua-Xing Chen1,2,3,∗ Atsushi Hosaka2,† and Shi-Lin Zhu1‡
1Department of Physics, Peking University, Beijing 100871, China
2Research Center for Nuclear Physics, Osaka University, Ibaraki 567–0047, Japan
3State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, China
We study the tetraquark state with IGJPC = 0+1−+ in the QCD sum rule. We exhaust all
possible flavor structures by using a diquark-antidiquark construction and find that the flavor struc-
ture (3¯⊗ 6¯)⊕ (6⊗ 3) is preferred. There are altogether four independent currents which have the
quark contents qsq¯s¯. By using both the Shifman-Vainshtein-Zakharov (SVZ) sum rule and the finite
energy sum rule, these currents lead to mass estimates around 1.8−2.1 GeV, where the uncertainty
is due to the mixing of two single currents. Its possible decay modes are S-wave b1(1235)η and
b1(1235)η
′, and P -wave KK, ηη, ηη′ and η′η′, etc. The decay width is around 150 MeV through a
rough estimation.
PACS numbers: 12.39.Mk, 11.40.-q, 12.38.Lg
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Manifestly exotic hadron states which are not reached
by three quarks for baryons and a quark-antiquark pair
for mesons provide one of the most important subjects in
hadron physics. The confirmation of their existence (or
nonexistence) and the study of their structure are of great
importance for the understanding of strong interaction
dynamics at low energy [1].
Quantum numbers can tell whether a hadron is exotic
or not. For instance baryons with strangeness S = +1
and mesons with JPC = 1−+ are such states. For
the baryon sector, the pentaquark Θ+ has been stud-
ied intensively since 2003 [2]. But the existence is still
controversial. For the meson sector, the pi1 mesons of
IGJPC = 1−1−+ are listed as manifestly exotic states in
the PDG for some time [3, 4, 5], and a lot of theoreti-
cal considerations have been made [6, 7]. So far, many
of them are for the isovector I = 1 states. In principle,
an isoscalar state is also possible, though not observed
experimentally [7]. We have performed the QCD sum
rule analyses of the light scalar mesons (σ, κ, f0 and a0),
Y (2175) and pi1 mesons [8, 9]. All our results are consis-
tent with the experimental observations. Encouraged by
this, we would like to extend the QCD sum rule analy-
sis using tetraquark currents for these IGJPC = 0+1−+
states.
The QCD sum rule requires a computation of a two-
point correlation function in the form of operator prod-
uct expansion (OPE), which is then fitted by a phe-
nomenological function to extract physical hadron prop-
erties [10]. To calculate the OPE, we need employ an
interpolating field (current) which couples to the phys-
ical state we consider. For tetraquarks, there are sev-
eral independent currents and it is important to estab-
lish how one or some of them should be chosen. We
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FIG. 1: Weight diagrams for 6f⊗6¯f (S) (top panel), 3¯f⊗3f (A)
(middle panel), and 3¯f ⊗ 6¯f (M) (bottom panel). The weight
diagram for 6f ⊗3f (M) is the charge-conjugation transforma-
tion of the bottom one.
have systematically performed the classification of cur-
rents by using the diquark-antidiquark ((qq)(q¯q¯)) con-
struction [8, 9]. The currents constructed from the quark-
antiquark pairs ((q¯q)(q¯q)) can be written as a combi-
nation of these ((qq)(q¯q¯)) currents. We note here that
the mixing can happen between hybrid states, tetraquark
2states, and even six-quark states, while the currents can
also couple to all these states. However, it always makes
sense to clarify what a single channel problem tells us
before entering more sophisticated coupled channel prob-
lems. Therefore, here we concentrate exclusively on the
tetraquark properties with some details.
The tetraquark currents with the quantum numbers
JPC = 1−+ have been constructed in our previous pa-
per [9]. Now we need construct the isoscalar ones. The
flavor structures are shown in Fig. 1 in terms of SU(3)
weight diagrams. The ideal mixing scheme is used since
it is expected to work well for hadrons except for the
pseudoscalar mesons. In order to have a definite charge-
conjugation parity, the diquark and antidiquark inside
can have the same flavor symmetry, which is either sym-
metric 6f⊗6¯f (S) or antisymmetric 3¯f⊗3f (A). Another
option is the combination of 3¯f ⊗ 6¯f and 6f ⊗ 3f (M),
which can also have a definite charge-conjugation parity.
From Fig. 1, we find that there are althgether six
isospin singlets:
qqq¯q¯(S) , qsq¯s¯(S) , sss¯s¯(S) ∼ 6f ⊗ 6¯f (S) ,
qqq¯q¯(A) , qsq¯s¯(A) ∼ 3¯f ⊗ 3f (A) , (1)
qsq¯s¯(M) ∼ (3¯f ⊗ 6¯f )⊕ (6f ⊗ 3f ) (M) ,
where q represents an up or down quark, and s repre-
sents a strange quark. For each state, there are several
independent currents. We list them in the following.
1. For the three isospin singlets of 6f ⊗ 6¯f (S):
ηS1µ ∼ u
T
aCγ5db(u¯aγµγ5Cd¯
T
b + u¯bγµγ5Cd¯
T
a )
+uTaCγµγ5db(u¯aγ5Cd¯
T
b + u¯bγ5Cd¯
T
a ) ,
ηS2µ ∼ u
T
aCγ
νdb(u¯aσµνCd¯
T
b − u¯bσµνCd¯
T
a )
+uTaCσµνdb(u¯aγ
νCd¯Tb − u¯bγ
νCd¯Ta ) ,
(2)
ηS3µ ∼ u
T
aCγ5sb(u¯aγµγ5Cs¯
T
b + u¯bγµγ5Cs¯
T
a )
+uTaCγµγ5sb(u¯aγ5Cs¯
T
b + u¯bγ5Cs¯
T
a ) ,
ηS4µ ∼ u
T
aCγ
νsb(u¯aσµνCs¯
T
b − u¯bσµνCs¯
T
a )
+uTaCσµνsb(u¯aγ
νCs¯Tb − u¯bγ
νCs¯Ta ) .
(3)
ηS5µ ∼ s
T
aCγ5sb(s¯aγµγ5Cs¯
T
b + s¯bγµγ5Cs¯
T
a )
+sTaCγµγ5sb(s¯aγ5Cs¯
T
b + s¯bγ5Cs¯
T
a ) ,
ηS6µ ∼ s
T
aCγ
νsb(s¯aσµνCs¯
T
b − s¯bσµνCs¯
T
a )
+sTaCσµνsb(s¯aγ
νCs¯Tb − s¯bγ
νCs¯Ta ) .
(4)
where ηS1µ and η
S
2µ are the two independent currents
containing only light flavors; ηS3µ and η
S
4µ are the
two independent ones containing one ss¯ pair; ηS5µ
and ηS6µ are the two independent ones containing
two ss¯ pairs.
2. For the two isospin singlets of 3¯f ⊗ 3f (A):
ηA1µ ∼ u
T
aCγ5db(u¯aγµγ5Cd¯
T
b − u¯bγµγ5Cd¯
T
a )
+uTaCγµγ5db(u¯aγ5Cd¯
T
b − u¯bγ5Cd¯
T
a ) ,
ηA2µ ∼ u
T
aCγ
νdb(u¯aσµνCd¯
T
b + u¯bσµνCd¯
T
a )
+uTaCσµνdb(u¯aγ
νCd¯Tb + u¯bγ
νCd¯Ta ) ,
(5)
ηA3µ ∼ u
T
aCγ5sb(u¯aγµγ5Cs¯
T
b − u¯bγµγ5Cs¯
T
a )
+uTaCγµγ5sb(u¯aγ5Cs¯
T
b − u¯bγ5Cs¯
T
a ) ,
ηA4µ ∼ u
T
aCγ
νsb(u¯aσµνCs¯
T
b + u¯bσµνCs¯
T
a )
+uTaCσµνsb(u¯aγ
νCs¯Tb + u¯bγ
νCs¯Ta ) ,
(6)
where ηA1µ and η
A
2µ are the two independent currents
containing only light flavors; ηA3µ and η
A
4µ are the
two independent ones containing one ss¯ pair.
3. For the isospin singlet of (3¯f⊗ 6¯f )⊕(6f ⊗3f ) (M),
ηM1µ ∼ u
T
aCγµsb(u¯aCs¯
T
b + u¯bCs¯
T
a )
+uTaCsb(u¯aγµCs¯
T
b + u¯bγµCs¯
T
a ) ,
ηM2µ ∼ u
T
aCσµνγ5sb(u¯aγ
νγ5Cs¯
T
b + u¯bγ
νγ5Cs¯
T
a )
+uTaCγ
νγ5sb(u¯aσµνγ5Cs¯
T
b + u¯bσµνγ5Cs¯
T
a ) ,
ηM3µ ∼ u
T
aCsb(u¯aγµCs¯
T
b − u¯bγµCs¯
T
a )
+uTaCγµsb(u¯aCs¯
T
b − u¯bCs¯
T
a ) ,
ηM4µ ∼ u
T
aCγ
νγ5sb(u¯aσµνγ5Cs¯
T
b − u¯bσµνγ5Cs¯
T
a )
+uTaCσµνγ5sb(u¯aγ
νγ5Cs¯
T
b − u¯bγ
νγ5Cs¯
T
a ) ,
(7)
where ηMiµ are the four independent ones containing
one ss¯ pair. The above structure has some impli-
cations on their decay patterns.
The expressions of Eqs. (2)-(7) are not exactly correct,
since they do not have a definite isospin. For instance,
the current ηA3µ should contain (usu¯s¯ + dsd¯s¯) in order
to have I = 0. However, in the following QCD sum rule
analysis, we find that there is no difference between these
two cases in the limit that the masses and condensates of
the up and down quarks are the same. Actually we also
ignore a small quark mass effect (mu ∼ md . 10 MeV).
By using these tetraquark currents, we have performed
the OPE calculation up to dimension 12. Values for var-
ious condensates and ms follow the references [3, 11].
There are altogether 14 currents. It turns out that some
of them lead to the same results of OPEs as the previous
ones in Ref. [9]: ηS1,2,3,4µ ∼ η
S
1,2,3,4µ [9], η
A
3,4µ ∼ η
A
1,2µ [9],
and ηM1,2,3,4µ ∼ η
M
5,6,7,8µ [9]. Therefore, we just need cal-
culate the OPEs of ηS5,6µ and η
A
1,2µ. The full OPE expres-
sions are too lengthy and are omitted here.
In our previous paper [9] we have found that the OPEs
of the currents ηSiµ’s and η
A
iµ’s lead to unphysical results
where the spectral densities ρ(s) become negative in the
region of 2 GeV2 . s . 4 GeV2. We find this to be the
case also for the isoscalar currents. Therefore, our QCD
sum rule analysis does not support a tetraquark state
which has a flavor structure either 6f ⊗ 6¯f or 3¯f ⊗3f and
a mass less than 2 GeV.
We shall discuss only the currents of the mixed flavor
symmetry. We find there is only one set of four indepen-
dent currents as given in Eqs. (7), unlike the isovector
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FIG. 2: The mass of the state qsq¯s¯ calculated by using the
current ηM2µ, as functions of M
2
B (left) and s0 (right) in units
of GeV.
case which have two sets. The spectral densities calcu-
lated by the mixed currents are positive for a wide range
of s, and the convergence of OPE is very good in the
region of 2 GeV2 < M2B < 5GeV
2 as in our previous
study [9]. In general, the pole contribution should be
large enough in the SVZ sum rule. However, the pole
contributions of multiquark states are rather small due
to the large continuum contribution. Therefore a careful
choice of the threshold parameter is important in order
to subtract the continuum contribution.
When using the SVZ sum rule, the mass is obtained
as functions of Borel mass MB and threshold value s0.
As an example, we show the mass calculated from cur-
rents ηM2µ in Fig. 2. The Borel mass dependence is weak,
as shown in the upper figure; the s0 dependence has a
minimum where the stability is the best, as shown in the
bottom figure. The minimum is around 2.0 GeV, which
we choose to be our prediction. The other three inde-
pendent currents ηM1µ, η
M
3µ and η
M
4µ lead to similar results,
which are around 2.1 GeV, 1.9 GeV and 2.0 GeV respec-
tively.
When using the finite energy sum rule, the mass is
obtained as a function of the threshold value s0, which is
shown in Fig. 3. There is also a mass minimum around
2.1 GeV, 1.9 GeV, 1.9 GeV and 2.0 GeV for currents ηM1µ,
ηM2µ, η
M
3µ and η
M
4µ respectively. In a short summary, we
have performed a QCD sum rule analysis for qsq¯s¯. The
mass obtained is around 2.0 GeV. We label this state
σ1(2000).
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FIG. 3: The mass calculated using the finite energy sum rule.
The labels besides the lines indicate the suffix i of the current
ηMiµ (i = 1, · · · , 4).
We can also study the mixing of these four currents.
The currents ηM1µ and η
M
3µ have the largest mass difference,
so we study their mixing as an example:
ηMmix = cosθη
M
1µ + sinθη
M
3µ , (8)
where θ is the mixed angle. We calculate its OPE, and
find that the resulting spectral density is just:
ρMmix = cos
2θρM1µ + sin
2θρM3µ , (9)
The obtained mass is shown in Fig. 4 as functions of
θ. When we take s0 = 3.5 GeV
2 (solid line), the mass
maximum is 2.05 GeV, and the minimum is 1.85 GeV.
Therefore, we arrive at the similar result which produces
the mass around 2 GeV. We can also consider the mix-
ing of other currents, which would not change the results
significantly due to the similarity of single currents. The
mass estimates are around 1.8− 2.1 GeV, where the un-
certainty is due to the mixing of two single currents.
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FIG. 4: The mass calculated using the finite energy sum rule,
and for the mixed current ηMmix. The curves are obtained by
setting s0 = 3.5 GeV
2 (solid line), 4 GeV2 (short-dashed line)
and 5 GeV2 (long-dashed line).
Now let us discuss its decay properties as expected
from a naive fall-apart process. As shown in Eqs. (7)
the currents contain one ss¯ pair. Therefore, we expect
that the final states should also contain one ss¯ pair. In
order to spell out the possible spin of decaying parti-
cles and their orbital angular momentum, we need per-
form a Fierz rearrangement to change (qq)(q¯q¯) currents
to (q¯q)(q¯q) ones. For illustration, we use one of the four
independent (q¯q)(q¯q) currents [9]:
ξM2µ = (s¯aγ
µγ5sa)(u¯bγ5ub)− (s¯aγ5sa)(u¯bγ
µγ5ub)
+ · · · . (10)
All terms of this current have the structure
(q¯aγ
µγ5qa)(q¯bγ5qb). Therefore, the expected decay
patterns are: (1) 1+ and 0− particles with relative
angular momentum L = 0, and (2) 0− and 0− particles
with L = 1.
For the S-wave decay, we expect the following two-
body decay patterns
σ1(I
GJPC = 0+1−+) → a1(1260)η, a1η
′, · · · ,
b1(1235)η, b1η
′
· · · . (11)
4If we consider, however, the G parity conservation, the
fist line is forbidden and the second line is the only one
allowed. These modes can be observed in the final states
ωpiη and ωpiη′.
For the P -wave decay, we expect (with the G parity
conservation):
σ1(I
GJPC = 0+1−+) → KK, ηη, ηη′, η′η′ · · · . (12)
We can also estimate the (partial) decay width through
the comparison with the observed pi1(2015) [5], which has
Γtot ∼ 230 MeV. Assuming that the decay of pi1(2015)
solely goes through S-wave b1pi and that of σ1(2000)
through b1η, we expect Γσ1→b1η ∼ 160 MeV, as they are
proportional to the S-wave phase space. For the P -wave
decay there is an information pi1(2015) → η
′pi, which
corresponds to σ1(2000) → η
′η (Because both pi1(1600)
and pi1(2015) have been observed in the final states piη
′
other than piη, we choose ηη′ to be the final states of
σ1(2000) other than KK and ηη). Assuming once again
that this is the unique decay mode, we expect that the
decay width is approximately 130 MeV. If the decay oc-
curs 50% through b1pi (b1η) and 50% through η
′pi (η′η),
we expect that Γσ1 ∼ 150 MeV.
In summary, we have performed the QCD sum rule
analysis of the exotic tetraquark states with IGJPC =
0+1−+. We test all possible flavor structures in the
diquark-antidiquark (qq)(q¯q¯) construction, 6 ⊗ 6¯, 3¯ ⊗ 3
and (3¯⊗6¯)⊕(6⊗3). We find that only the mixed currents
of the flavor structure (3¯⊗ 6¯)⊕ (6⊗ 3) allow a positive
and convergent OPE, and there is only one choice with
the quark content qsq¯s¯, which have four independent cur-
rents. We have then performed both the SVZ sum rule
and the finite energy sum rule. The mass estimates are
around 1.8 − 2.1 GeV, where the uncertainty is due to
the mixing of two single currents. The possible decay
modes are S-wave b1(1235)η and b1(1235)η
′, and P -wave
KK, ηη, ηη′ and η′η′, etc. The decay width is around
150 MeV through a rough estimation. Here we want to
note that we do not know how to determine the mixing
angle, which is an interesting problem.
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